Abstract. I investigated mechanisms of parasitoid coexistence in a spatially structured host-multiparasitoid community (harlequin bugs [Murgantia histrionica] and two specialist parasitoids [Trissolcus murgantiae and Ooencyrtus johnsonii ]). I tested both local and metapopulation hypotheses. The local hypothesis, intraguild predation, predicts coexistence if the inferior larval competitor is superior at finding unparasitized hosts. Hence, the superior larval competitor should be absent from patches of low host productivity. The metapopulation hypothesis, dispersal-competition trade-off, predicts coexistence if the inferior competitor is a superior disperser. Hence, the superior larval competitor should be absent from patches isolated by distance. Manipulative experiments demonstrate that coexistence does not require a dispersal advantage to the inferior larval competitor. Field surveys show that patches from which the superior larval competitor is absent are not the most isolated, but the least productive. In a natural experiment, loss of the superior larval competitor was not associated with habitat loss or fragmentation that increases distance among occupied patches, but with a large reduction in host productivity. Taken together, these results strongly suggest that parasitoid coexistence occurs via local interactions rather than spatial processes. This study provides the first empirical evidence of the role of spatiotemporal variation in host productivity on parasitoid coexistence. The results have implications for multiparasitoid food webs in patchy environments and offer practical insights regarding the release of multiple parasitoid species in pest control.
INTRODUCTION
Prey-natural enemy interactions are ubiquitous in nature. The dynamics of such interactions are well understood for simple situations with one natural enemy and one prey, but not for the more common situation of multiple natural enemies attacking a single prey.
The mechanisms by which multiple predators or parasites coexist on their common prey or hosts can have profound consequences on multipredator or multiparasite food webs. For example, efficient natural enemy species that interact only indirectly may overexploit the prey and drive it extinct, thus resulting in the loss of the entire food web. On the other hand, natural enemy species that interfere with each other will be less efficient at exploiting the prey, and hence less likely to drive the prey extinct.
Understanding mechanisms of natural enemy coexistence is also key to resolving an important issue in biological control: the relative merits of releasing single vs. multiple natural enemies to control a pest. Multiple enemies do not always provide the greatest pest 1 Present address: National Center for Ecological Analysis and Synthesis, University of California, 735 State Street, Suite 300, Santa Barbara, California 93101-5504 USA. E-mail: amarasek@nceas.ucsb.edu suppression; two species that interfere with each other's attack efficiency may be less effective in suppressing prey densities than a single, efficient species (Kakehashi et al. 1984 , Briggs 1993 , Rosenheim et al. 1995 .
Here I investigate mechanisms of parasitoid coexistence in a plant-herbivore-multiparasitoid community. The system is spatially structured, which allows me to simultaneously test local and spatial hypotheses for multiparasitoid coexistence. A simple community with two parasitoids attacking an insect herbivore is also ideal for investigating the merits of releasing multiple natural enemies in pest control.
I begin with a description of the study system and background data. I consider potential hypotheses for multiparasitoid coexistence and test comparative predictions with observational and experimental data. I discuss general implications for multiparasite food webs in patchy environments.
THE STUDY SYSTEM
The community consists of the harlequin bug (Murgantia histrionica; Hemiptera: Pentatomidae), a herbivore on bladderpod (Isomeris arborea; Capparaceae), and two specialist parasitoids (Trissolcus murgantiae; Hymenoptera: Scelionidae and Ooencyrtus johnsonii; Hymenoptera: Encyrtidae) that attack the bug's eggs. Harlequin bugs have no natural predators or significant competitors (Sjaarda 1989 , Amarasekare 1998 . Hence, local dynamics in this system consist of the multiparasitoid-single host interaction.
Isomeris arborea is a coastal sage scrub endemic to southern and Baja California (Goldstein et al. 1991) . Harlequin bugs feed on buds, capsules, and leaves of I. arborea, and oviposit underneath leaves and on capsules (English 1983) . In southern California the bug has three generations per year: spring, summer, and fall (Wilford-Beanan and Hanscom 1982) , and the two parasitoids, about nine generations per year (Maple 1937 , Huffaker 1941 , Sjaarda 1989 . Generations overlap in all three species. The egg stage of the bug lasts from two weeks to a month, depending on the season (Amarasekare 1998). Ooencyrtus johnsonii is both gregarious and engages in superparasitism (Sjaarda 1989 , Amarasekare 1998 . One to three adults may emerge from one host egg (Walker and Anderson 1933) . Superparasitism is absent in the solitary T. murgantiae (Sjaarda 1989 , Amarasekare 1998 . Only one adult develops within a host egg.
BACKGROUND DATA

Spatial population structure
I have been studying harlequin bugs at two sites in western Orange County, California. One of these (Crystal Cove) occurs along exposed coastal bluffs 10-30 m above the Pacific Ocean within the Crystal Cove State Park. The second (UCI preserve) is ϳ10 km inland, on several exposed hilltops within the University of California-Irvine Ecological Preserve. Both are closed systems, Crystal Cove being bounded by residential areas and the Pacific ocean, and UCI preserve by highways and residential areas.
Within each site I. arborea is patchily distributed, creating a hierarchical spatial structure for bugs and parasitoids. These host plant patches also contain other coastal sage scrub species. Patches are separated by a matrix of annual grasses and weeds that is uninhabitable by bugs. Each site constitutes an aggregation of patches (7 in UCI, 15 in Crystal Cove). A previous study (Amarasekare 1998 ) on dispersal and spatial variation in abundance established that a patch of host plants constitutes the local population for both bugs and parasitoids. Random and infrequent movement among patches suggests that the ensemble of patches within each locality may function as a metapopulation.
Parasitoid coexistence patterns: potential for alternative states
In the field one observes two types of patches. In some patches only Trissolcus is present. In other patches both Trissolcus and Ooencyrtus coexist on the host. The two patch types have not changed status in over four years, suggesting a temporally stable pattern. The pattern is also unusual since it corresponds neither to local nor regional coexistence. In fact, this pattern of one-parasitoid and two-parasitoid patches suggests that the system can attain alternative states.
The Crystal Cove site has six one-parasitoid patches and nine two-parasitoid patches (Fig. 1) . The one-parasitoid patches are smaller in size (mean number of bushes Ϯ1 SE: one-parasitoid patches ϭ 8 Ϯ 1 bushes; two-parasitoid patches ϭ 21 Ϯ 4 bushes; n ϭ 15 patches, t test, P ϭ 0.0172) and have lower maximum bug densities (mean Ϯ1 SE: one-parasitoid patches ϭ 1 Ϯ 0.3 bugs/m 2 ; two-parasitoid patches ϭ 4 Ϯ 0.9 bugs/ m 2 ; n ϭ 15 patches, t test, P ϭ 0.04). The UCI preserve has been subject to extensive disturbance and habitat loss due to construction. The seven remaining patches at UCI are all two-parasitoid patches (mean number of bushes Ϯ1 SE ϭ 19 Ϯ 7; maximum bug density ϭ 4 Ϯ 0.6 bugs/m 2 ). No patches have been observed, either in western Orange County ( personal observation) or in San Diego County (Sjaarda 1989) , that are free of both species of parasitoid.
Mean monthly fraction of eggs parasitized (both species combined) in the last four years has ranged from 0.37 (Ϯ0.1) (mean Ϯ1 SE) to 0.44 (Ϯ0.33) at the inland site (UCI) and from 0.49 (Ϯ0.05) to 0.54 (Ϯ0.1) at the coastal site (Crystal Cove). Summer parasitism rates are typically higher (UCI: 0.43 Ϯ 0.06-0.5 Ϯ 0.03; Crystal Cove: 0.54 Ϯ 0.03-0.67 Ϯ 0.07).
Parasitoid competition
Laboratory experiments have established strong asymmetric competition between the two parasitoid species (Sjaarda 1989) . Three lines of evidence suggest that Ooencyrtus is the superior competitor. First, the fraction of eggs parasitized by Trissolcus was not affected by the presence of conspecific females, but declined dramatically in the presence of Ooencyrtus females (one-way ANOVA, P Ͻ 0.001, n ϭ 10 replicates). Fraction of eggs parasitized by Ooencyrtus was unaffected by the presence of conspecifics or Trissolcus (one-way ANOVA, P ϭ 0.106, n ϭ 10 replicates; Sjaarda 1989) .
This asymmetry between species arises because Ooencyrtus is superior in interference competition. Interference occurs through multiparasitism. A second set of laboratory experiments shows that Trissolcus has zero success in parasitizing eggs previously parasitized by Ooencyrtus, while the latter is able to multiparasitize ϳ50% of the eggs that it encounters (t test, P Ͻ 0.001, n ϭ 20 replicates; Sjaarda 1989) . Ooencyrtus has the advantage of being a superior larval competitor. Larvae of Ooencyrtus both kill and consume larvae of Trissolcus while developing inside the host egg. A third set of experiments shows that Ooencyrtus larvae can outcompete those of Trissolcus even when the latter has had a 5-9 d start in oviposition (Sjaarda 1989) .
In the field, the competitive superiority of Ooencyrtus leads to a characteristic seasonal pattern with the fraction of eggs parasitized by Trissolcus declining as the fraction parasitized by Ooencyrtus increases (Fig. 2) .
While Trissolcus is clearly the inferior larval competitor, it may be more efficient at exploiting unpara- sitized hosts than Ooencyrtus. For example, when exposed to host eggs in isolation, Trissolcus exhibits a higher attack rate and parasitizes a significantly higher fraction of host eggs than Ooencyrtus over a wide range of temperatures (paired t tests, P Ͻ 0.05, n ϭ 17 replicates; Sjaarda 1989) . Unlike Ooencyrtus, Trissolcus does not engage in superparasitism (a form of intraspecific competition; van Alphen and Visser 1990) . This may also contribute to its greater efficiency.
HYPOTHESES ON PARASITOID COEXISTENCE
The background data reveal two striking patterns. First, the system exhibits a potential for alternative states. For example, some populations contain only one parasitoid species while other populations contain both species of parasitoids. Second, the two parasitoid species engage in strong asymmetric competition.
These patterns lead to three questions. First, how can coexistence occur in the face of asymmetric competition? Second, what conditions might lead to alternative states? Third, are there environmental perturbations that can push a population from one state to another?
When there is asymmetric competition for a limiting resource, coexistence typically occurs via a trade-off between competitive ability and some other trait (Tilman and Pacala 1993) . The Appendix describes a set of potential hypotheses. Here I concentrate on two hypotheses that can explain the observed patterns of asymmetric competition and alternative states.
I digress briefly to make explicit the term alternative states. Typically, these arise when a system admits mul-PARASITOID COEXISTENCE MECHANISMS tiple attractors for a given set of parameter values. Perturbations to the state of the system (e.g., abundances of competing species) can cause the system to move from one attractor to another. This situation is commonly referred to as multiple stable states. However, an outcome similar to multiple stable states can also arise from a different mechanism. For example, a system may admit only a single attractor for a given set of parameter values, but as the value of a critical parameter is varied the system will move from one attractor to another. I make this distinction because it is the latter situation that is of interest in the host-parasitoid system. There is no conventional terminology that describes this situation. I will use the term alternative states to distinguish it from circumstances that lead to multiple stable states.
The first hypothesis I consider is intraguild predation. Coexistence can occur if there is a trade-off between exploitative and interference competition (Polis et al. 1989, Holt and Polis 1997) . In the case of parasitoids this means that one species should be more efficient at finding unparasitized hosts (i.e., higher attack rate and searching efficiency), while the other species should be more aggressive in direct interactions such as larval competition (Briggs 1993) . For example, Trissolcus may counteract its inferiority in larval competition by being more efficient at exploiting unparasitized hosts (Sjaarda 1989) .
The alternative is a metapopulation hypothesis. The two parasitoid species may coexist via a dispersalcompetition trade-off (Zwolfer 1971 , Levins and Culver 1971 , Hastings 1980 , Nee and May 1992 , Tilman et al. 1994 . For example, Trissolcus, the inferior larval competitor, is the larger parasitoid with stronger wings (Sjaarda 1989 , Amarasekare 1998 . Hence it may be a superior disperser compared to Ooencyrtus. If so, Trissolcus should be able to establish in patches that Ooencyrtus is unable to colonize. In addition, higher immigration of Trissolcus among occupied patches may prevent it from being outcompeted in the two-parasitoid patches.
Both hypotheses admit the possibility of alternative states. Under intraguild predation, initial differences in resource productivity can lead to alternative states (Polis et al. 1989, Holt and Polis 1997) . One-parasitoid and two-parasitoid states may be observed in a patchy environment if there is spatial variation in resource productivity. For example, in areas of low productivity, exploitative competition will dominate and only the efficient species should persist. In areas of high productivity, interference competition will dominate and only the aggressive species should persist. At intermediate productivities coexistence is expected to occur.
Under the metapopulation hypothesis, one-parasitoid and two-parasitoid patches may be observed if interpatch distances vary relative to the dispersal abilities of competitors. For example, only the superior disperser (inferior competitor) is likely to colonize patches that are highly isolated (Levins and Culver 1971, Hastings 1980) . Only the superior competitor is likely persist in patches that are well connected (Nee and May 1992, Tilman et al. 1994) . This is because small interpatch distances eliminate the dispersal advantage to the inferior competitor, thus causing its exclusion. Coexistence is expected at an intermediate range of interpatch distances.
Comparative predictions to distinguish between hypotheses
Prediction 1: Trade-off leading to coexistence.-If coexistence occurs because Trissolcus, the inferior competitor, is a superior disperser, experimental manipulation of inter-patch distances (see below) should lead to the following outcomes. In archipelagos with large inter-patch distances, Trissolcus will have the advantage of being able to colonize all patches but Ooencyrtus may not be able to get to some patches. This should lead to a spatial pattern of one-parasitoid and two-parasitoid patches. In archipelagos with small inter-patch distances, Trissolcus will not have a dispersal advantage over Ooencyrtus. Hence both species should be able to colonize all patches. This should lead to the exclusion of Trissolcus from the entire archipelago.
The alternative hypothesis is that coexistence occurs locally via a trade-off between exploitative and interference competition. If so, coexistence should be unaffected by manipulations of inter-patch distances.
Prediction 2: Conditions leading to alternative states.-The states observed in the system are the oneparasitoid patches with Trissolcus and two-parasitoid patches with Trissolcus and Ooencyrtus. Under intraguild predation one expects to observe one-parasitoid and two-parasitoid patches on a productivity gradient (Polis et al. 1989, Holt and Polis 1997) . Only the efficient competitor should persist at low productivities. Coexistence is expected at higher productivities. Previous data (see above) suggest Trissolcus to be the more efficient parasitoid. Hence, one would expect the Trissolcus-only patches to exhibit lower resource (egg) productivity compared to the two-parasitoid patches.
Under the metapopulation hypothesis one expects to observe one-parasitoid and two-parasitoid patches on a distance gradient. Only the superior disperser should be able to colonize the most isolated patches. If Trissolcus is a superior disperser rather than a more efficient exploiter, one would expect the Trissolcus-only patches to be more isolated from neighboring patches compared to the two-parasitoid patches.
Prediction 3: Perturbations causing transitions among states.-In the second year of the study, Ooencyrtus failed to establish in a subset of the two-parasitoid patches at Crystal Cove. This allowed me to make a prediction about perturbations that induce a transition from the two-parasitoid state to the Trissolcus-only state.
Under intraguild predation, loss of the aggressive competitor will occur at low resource productivities (Holt and Polis 1997) . Hence, the perturbation most likely to eliminate Ooencyrtus is a reduction in egg productivity. Under the metapopulation hypothesis, the most likely perturbation is an alteration of the spatial structure of the landscape, such as habitat loss (Nee and May 1992, Tilman et al. 1994) . Habitat loss increases the distance between occupied patches, which will differentially affect the superior competitor because of its inferior dispersal ability.
METHODS
Demographic data
I surveyed all patches within each site from April 1994 through December 1996. At 30-d intervals I surveyed all bushes within a patch if the number was Յ10 bushes, or sampled 10 bushes (using stratified random sampling to get spatially representative data for the larger patches) if the number was Ͼ10 bushes. I counted the number of eggs, five nymphal instars, and adult harlequin bugs on each bush. I quantified density of each life history stage as the number of individuals of that stage on the bush divided by the canopy surface area. The latter was calculated by approximating the surface area to that of a spheroid.
Each month I marked all newly laid egg clusters on the I. arborea bushes being surveyed with colored wire. I collected all marked egg clusters after a period of 30 d, which allowed sufficient time for all eggs of the cohort to hatch. I examined eggs under a dissecting microscope. The emergence pattern of harlequin bug nymphs was clearly distinguishable from those of the parasitoids. The two parasitoids also had distinctive methods of emergence (the larger Trissolcus chewed a large hole from the top, while the smaller Ooencyrtus tended to emerge from the side, or the bottom through a smaller hole), which made it possible to score accurately the fate of all hatched eggs. Aside from parasitism, the only other mortality I observed was due to hatching failure. I quantified monthly parasitism rate for each species as the number of eggs parasitized by that species divided by the total number of eggs. Parasitism data were arcsine-transformed prior to analysis.
Trade-off leading to coexistence
I tested for a possible dispersal-competition tradeoff using a larger experiment designed to investigate spatial dynamics of the host-multiparasitoid interaction (Amarasekare 1999) . I created six experimental archipelagos of host plant patches with small and large inter-patch distances (High and Low Dispersal treatments, respectively). These archipelagos were created on a 25-ha site on the UC Irvine campus. Each archipelago had seven equal-sized patches, and each treatment consisted of three replicate archipelagos. In the High Dispersal treatment the inter-patch distance was 20 m, which is well within the dispersal range of both bugs and parasitoids, and the smallest inter-patch distance observed naturally (Amarasekare 1998) . In the Low Dispersal treatment the inter-patch distance was 50 m, which is comparable to the mean inter-patch distance at Crystal Cove (60 Ϯ 12 m). It is also the largest inter-patch distance that could be used within the available land area. Experiments were initiated in June 1996 by releasing 64 bugs and 24 adults of each parasitoid species in the central patch. This yielded 16 bugs/m 2 and 6 parasitoids/m 2 respectively, which are at the upper limit of summer bug and parasitoid densities (unpublished data). All patches were censused monthly from June 1996 to December 1997 according to methods described above. More details on the experimental design are given in Amarasekare (1999) .
Conditions leading to alternative states
Intraguild predation models use the per capita growth rate as an index of host productivity (Briggs 1993, Holt and Polis 1997) . I quantified this parameter in terms of per capita egg density. Densities were used rather than numbers in order to account for differences in patch sizes. Per capita egg production was measured as the ratio of egg density to adult density. Densities were log-transformed prior to analysis.
I quantified the degree of isolation in the two patch types as the mean distance to nearest patch. Distances (from patch edge to edge) were measured to the nearest meter.
Perturbations causing transition from two-parasitoid to Trissolcus-only state
Year 1995 saw a general decline of Ooencyrtus across all sites. In six of the nine two-parasitoid patches at Crystal Cove, Ooencyrtus failed to establish itself. Mean annual fraction of eggs parasitized by Ooencyrtis declined dramatically across years (mean Ϯ1 SE ϭ 0.24 Ϯ 0.03 in 1994 to 0.02 Ϯ 0.01 in 1995) compared to the remaining three patches (mean Ϯ1 SE ϭ 0.14 Ϯ 0.04 in 1994 to 0.11 Ϯ 0.03 in 1995; t test, P ϭ 0.0007; n ϭ 9 patches). At the same time, mean fraction of eggs parasitized by Trissolcus increased significantly (mean Ϯ1 SE ϭ 0.39 Ϯ 0.03 in 1994 to 0.71 Ϯ 0.07 in 1995) compared to the remaining patches (mean Ϯ1 SE ϭ 0.46 Ϯ 0.08 in 1994 to 0.53 Ϯ 0.05 in 1995; t test, P ϭ 0.03; n ϭ 9 patches). Monthly fraction of eggs parasitized by Ooencyrtus remained low (below 0.05 in four patches and below 0.1 in two patches) throughout 1995, effectively converting the six twoparasitoid patches to Trissolcus-only patches.
The two-parasitoid patches that ''lost'' Ooencyrtus (2→1 patches) and those that did not (2→2 patches) are comparable in size (mean number of bushes Ϯ1 SE: 2→1 patches ϭ 22 Ϯ 7 bushes; 2→2 patches ϭ 18 Ϯ 4 bushes; n ϭ 9 patches, t test, P ϭ 0.31) and plant quality (unpublished data). The two patch types are not segregated in space, suggesting some intrinsic difference due to soil or plant quality (Fig. 1) . I used this natural experiment to test predictions about the nature of perturbations that could cause the loss of Ooencyrtus. The analysis involved asking whether the perturbation (e.g., decline in egg productivity or habitat loss across years) likely to have caused the impact (loss of Ooencyrtus) is greater in the experimental group (patches that lost Ooencyrtus) compared to the control group (patches that did not lose Ooencyrtus). One disadvantage of the natural experiment was that the treatments were not randomized among patches. Hence one cannot eliminate the possibility that factors other than host productivity may have changed at the same time (see Discussion).
RESULTS
Prediction 1: Trade-off leading to coexistence
If parasitoid coexistence occurs via a trade-off between competition and dispersal, Trissolcus should be excluded from the High Dispersal treatment, while a spatial pattern of Trissolcus-only and two-parasitoid patches should result in the Low Dispersal treatment (see Hypotheses on parasitoid coexistence: Comparative predictions). If coexistence occurs via intraguild predation, one would expect parasitoids to coexist in both treatments. Experimental results based on five bug generations and 14-15 parasitoid generations support the latter prediction. Both species colonized all patches in the High and Low Dispersal treatments. Trissolcus was not excluded from the High Dispersal treatment even though inter-patch distance was less than onethird of that observed in natural populations (Fig. 3) .
This negative result is neither due to insufficient power in the experimental design nor because the appropriate spatial scales were not represented. The experiment was well replicated at both local and metapopulation scales, and a priori power analyses predicted 85-90% power in detecting a difference between treatments. As can be seen from Fig. 3 , parasitism rates and patterns are very similar in the two treatments. (A parallel analysis of host-parasitoid spatial dynamics revealed no distinguishable differences between treatments in bug and parasitoid time series; Amarasekare 1999.) The appropriate spatial scales were also well represented in the experiment. For example, experimental archipelagos were modeled on the natural spatial structure of the system. Inter-patch distances were chosen from a previous dispersal study, and representative of those observed in natural archipelagos. Given these considerations, the most likely interpretation of the negative result is that the two species do not differ in their respective dispersal abilities.
Observations of natural populations confirmed the experimental results. Within both Crystal Cove and UCI sites, the two parasitoid species coexist even in the most isolated patches. Temporally stable coexistence patterns have also been observed within isolated host plant patches in the Irvine-Newport beach area (unpublished data), as well as in San Diego county (Sjaarda 1989) . Taken together, the observational and experimental results suggest that parasitoid coexistence can occur even when Trissolcus lacks a dispersal advantage over Ooencyrtus.
If coexistence occurs via intraguild predation, one would expect Trissolcus to be superior at host exploitation compared to Ooencyrtus. Laboratory experiments show that Trissolcus has a higher attack rate over a wide temperature range (Sjaarda 1989) . Field data also support this finding. When released from interference competition by Ooencyrtus, Trissolcus attains very high parasitism rates (Fig. 4) and inflicts greater egg mortality (mean annual parasitism Ϯ1 SE: both parasitoids ϭ 0.61 Ϯ 0.03; Trissolcus alone ϭ 0.71 Ϯ 0.07; t test, P ϭ 0.09, n ϭ 6 patches), suggesting a higher attack rate and search efficiency compared to Ooencyrtus. patches to be less productive compared to the twoparasitoid patches. The data support this prediction. Host productivity at Crystal Cove, as measured by per capita egg density, is significantly lower in the Trissolcus-only patches compared to the two-parasitoid patches (Fig. 5a ). This pattern is consistent across multiple years.
The two patch types also differ in the duration of egg production. For example, egg production in the Trissolcus-only patches is limited only to the summer months, while it continues over spring, summer, and fall in the two-parasitoid patches (mean duration Ϯ1 SE: one-parasitoid patches ϭ 3.2 Ϯ 0.4 mo; two-parasitoid patches ϭ 7.8 Ϯ 0.6 mo; n ϭ 15 patches, t test, P ϭ 0.00001).
If intraguild predation is operating, one would also expect a productivity difference, on a per unit area basis, between the two-parasitoid patches at UCI and the one-parasitoid patches at Crystal Cove. Such a comparison is reasonable because the two-parasitoid patches at UCI are comparable in size to those at Crystal Cove (mean Ϯ1 SE: UCI ϭ 19 Ϯ 7 bushes; Crystal Cove ϭ 21 Ϯ 4 bushes; n ϭ 16 patches, t test, P ϭ 0.43) and species composition of other coastal sage scrub species (unpublished data). Comparison across sites shows that indeed, per capita egg densities in the UCI two-parasitoid patches are significantly higher than those in the Crystal Cove one-parasitoid patches (Fig. 5b) . Duration of egg production is also higher (UCI two-parasitoid patches ϭ 7.7 Ϯ 0.4 mo; Crystal Cove one-parasitoid patches ϭ 3.2 Ϯ 0.4 mo; n ϭ 11 patches, t test, P ϭ 0.00001).
Nearest neighbor distance.-The metapopulation hypothesis predicts the Trissolcus-only patches to be the most isolated. Here the results contradict the expectation. The Trissolcus-only patches are less isolated from neighboring patches compared to the two-parasitoid patches at both Crystal Cove (mean distance to nearest patch Ϯ1 SE: one-parasitoid patches ϭ 40 Ϯ 8 m; two-parasitoid patches ϭ 61 Ϯ 14 m; n ϭ 15 patches, t test, P ϭ 0.11), and UCI (66 Ϯ 11 m; n ϭ 13 patches, t test, P ϭ 0.05) . In fact, the Trissolcus-only patches are concentrated in one area of the study site (Fig. 1) suggesting that local soil conditions or nutrient availability may be limiting plant growth and hence egg productivity.
Colonization ability of Ooencyrtus.-Very small numbers of Ooencyrtus (e.g., Ͻ1% parasitism) were observed in three of the six one-parasitoid patches at the beginning of the summer but not thereafter. This suggests that the problem for Ooencyrtus may not be PARASITOID COEXISTENCE MECHANISMS FIG. 6 . Change in egg productivity from 1994 to 1995 in patches that lost Ooencyrtus (2→1) and those that remained as two-parasitoid patches (2→2). The patches that lost Ooencyrtus show an increase in spring egg density (open bars; paired t test, P ϭ 0.05, n ϭ 9 patches) and a highly significant decline in summer egg density (solid bars; paired t test, P ϭ 0.0025, n ϭ 9 patches).
that of finding and colonizing these patches necessarily, but of failing to establish after colonization.
Taken together, these data suggest that alternative states of one-parasitoid and two-parasitoid patches may be a result of spatial variation in egg productivity rather than the degree of patch isolation.
Prediction 3: perturbations causing transition from two-parasitoid to Trissolcus-only state
Contrary to expectations of the metapopulation hypothesis, there were no perturbations to the landscape that could differentially affect the aggressive competitor. The study populations at Crystal Cove are in a protected area earmarked for coastal bluff restoration, and have not experienced any habitat loss or alterations of spatial structure during the last five years.
The intraguild predation hypothesis predicts that a decline in resource productivity could cause the loss of the aggressive competitor (Holt and Polis 1997) . Data suggest this to be a likely possibility. For example, the peak egg production typically occurs in the summer, after the emergence of Ooencyrtus (Sjaarda 1989; personal observation) . In 1995, peak egg production was shifted to the spring. This shift was greater in the six 2→1 patches (mean shift Ϯ1 SE ϭ Ϫ9.6 Ϯ 1.6 wk) compared to the three 2→2 patches (mean Ϯ1 SE ϭ Ϫ6.4 Ϯ 2.4 wk). While the greater shift in the 2→1 patches is not statistically significant (t test, P ϭ 0.17), it may be biologically significant. For example, a forward shift in the peak egg production could lead to summer egg productivities that are too low for Ooencyrtus to establish itself.
Productivity data are consistent with this scenario. First, there was a significant increase from 1994 to 1995 in per capita spring egg density in the 2→1 patches compared to the 2→2 patches (Fig. 6) , consistent with the shift in peak egg production to the spring. Second, there was a significant decline from 1994 to 1995 in per capita summer egg density in the 2→1 patches (Fig.  6) . These results suggest that a differential decline in summer egg productivity may have prevented the establishment of Ooencyrtus in the 2→1 patches.
If the absence of Ooencyrtus in 1995 is the result of a decline in egg productivity, one would expect these patches to return to the two-parasitoid state once egg production returns to normal. When I monitored the 2→1 patches in 1996, I found a significant correlation between productivity and reestablishment of Ooencyrtus (r ϭ 0.82 Ϯ 0.08, P Ͻ 0.05, n ϭ 6 patches). For example, in patches that experienced a large increase (300-500%) in summer egg production from 1995 to 1996, Ooencyrtus reestablished itself and approached typical parasitism levels. In patches that experienced a moderate increase (25-50%) in egg production, Ooencyrtus reestablished but did not reach typical parasitism levels. In patches that showed little or no increase in egg production, Ooencyrtus failed to establish itself. Fig. 7 illustrates the correlation between productivity and recovery with three representative patches.
The correlation between productivity and recovery reinforces the suggestion that a decline in egg productivity was responsible for the transition from two-parasitoid to Trissolcus-only patches.
DISCUSSION
I investigated mechanisms of parasitoid coexistence in a plant-herbivore-multiparasitoid community. I tested comparative predictions to distinguish between local (intraguild predation) and metapopulation (dispersalcompetition trade-off) hypotheses.
Several lines of evidence suggest that parasitoid coexistence is the result of local interactions rather than spatial processes. First, while there is some evidence for an exploitation-interference trade-off, experimental and observational data provide no evidence for a dispersal-competition trade-off. Second, alternative states of one-parasitoid and two-parasitoid patches appear to occur on a productivity gradient rather than a distance gradient. For example, the Trissolcus-only patches are not the most isolated patches in the metapopulation, but the least productive. Third, the transition from twoparasitoid to Trissolcus-only patches does not appear to be a result of habitat loss, but a reduction in egg productivity across years. These data suggest that spatial variation in host productivity may lead to alternative states in space, while temporal variation in host productivity may push populations from one state to another.
While the data refute a strong effect of spatial processes on parasitoid coexistence, they are less strong in establishing that intraguild predation is the local mechanism of coexistence. The productivity changes and the associated transition from two-parasitoid to Trissolcus-only patches are based on a natural exper- FIG. 7 . Monthly parasitism rates for three representative two-parasitoid patches that lost Ooencyrtus, 1994-1996. Solid lines represent Ooencyrtus, and dashed lines, Trissolcus. All three patches experienced a significant decline in egg productivity from 1994 to 1995 (see Results for details). Panel (a) represents a patch that experienced a 300% increase in summer egg productivity from 1995 to 1996. Ooencyrtus reestablished in this patch in 1996 and approached typical parasitism levels. Panel (b) represents a patch that exhibited a 50% increase in egg productivity from 1995 to 1996. Ooencyrtus reestablished in this patch but did not reach typical parasitism levels. Panel (c) represents a patch that exhibited no increase in egg productivity from 1995 to 1996. Ooencyrtus did not reestablish in this patch. iment. Since I had no control over which patches were subject to the impact and which patches were not, I cannot exclude the possibility that the loss of Ooencyrtus was due to a change other than host productivity that was occurring at the same time. While the congruence between parasitoid coexistence patterns and spatiotemporal variation in host productivity is consistent with the major predictions of intraguild predation theory, a clear demonstration of intraguild predation requires manipulation of productivity and competitor abundance under more controlled conditions than was allowed by the natural experiment. Stronger experimental evidence is also needed to establish that Trissolcus has an advantage over Ooencyrtus in exploitative competition. Given these caveats, it would be prudent not to eliminate other local explanations from consideration.
One hypothesis in particular merits further investigation. Coexistence via temporal niche partitioning appears unlikely since the two parasitoids have overlapping niches for most of the year. However, Trissolcus is more cold-tolerant (Sjaarda 1989 ) and emerges earlier in the year (February-March as opposed to AprilMay in Ooencyrtus). This lead time may allow Trissolcus to build up sufficient densities such that the lateemerging Ooencyrtus cannot exclude it. Asynchrony that might lead to such a temporal storage effect cannot be manipulated experimentally, and it is difficult to distinguish its role from other factors that are simultaneously operating. One possibility is to use a parameterized model to predict the threshold lead time required for early-emerging Trissolcus to coexist with the late-emerging Ooencyrtus. The observed lead time of one to two months can be compared to the range of thresholds predicted by the model.
One general implication of the study is the role of resource productivity in multiconsumer food webs in patchy environments. Data suggest that spatial variation in resource productivity may have large consequences on food web structure when competing natural enemies interact through both exploitation and interference. Loss of natural enemies can occur at very low or very high productivities, leading to a mosaic of highand low-diversity patches within a region. Data also suggest that temporal variation in resource productivity may have the nonintuitive consequence of eliminating superior competitors. This seems most likely when competitive dominance occurs via direct interference. When competition is purely exploitative, the only way a dominant competitor can go extinct before inferior species is if there are drastic alterations to the landscape and if a trade-off exists between competitive and dispersal abilities (Nee and May 1992, Tilman et al. 1994) . As the data suggest, when interference competition is strong, temporal variation in resource productivity may have the same dynamical effect on a dominant competitor as would habitat destruction.
The study also underscores the joint importance of top-down and bottom-up effects in multiconsumer food webs. In this system, parasitism exerts a strong topdown effect, causing, on average, 50% egg mortality. However, spatiotemporal variation in egg productivity, a bottom-up effect likely mediated by soil conditions and host plant phenology, appears to affect parasitoid coexistence and hence the parasitoids' effect on the host. For example, the loss of Ooencyrtus, apparently a result of low summer egg productivity, released Trissolcus from interference competition, leading to higher overall parasitism rates and greater egg mortality than when parastioids coexist.
The study offers practical insights for biological control. Natural enemies that engage in both exploitative and interference competition are likely to disrupt pest control because the aggressive species may interfere with the ability of the efficient species to suppress pest density (Rosenheim et al. 1995) . Cleptoparasitoids (Mills 1994) , hyperparasitoids, and many predators (Polis et al. 1989) fall into this category. In such situations the efficient species is likely to dominate only at low resource productivities, the opposite of what is found in typical agricultural settings. In contrast, two natural enemies that coexist via temporal niche partitioning or a dispersal-competition trade-off may provide optimum control of a pest through complementary action. Simple laboratory tests can determine whether larval competition or hyperparasitism occurs among parasitoid species targeted for biological control. In cases where the outcome of such interference competition is strongly asymmetric, the best strategy is to release the species that achieves the maximum pest suppression on its own. 
